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ABSTRACT
We present Atacama Large Millimeter/sub-millimeter Array (ALMA) Cycle-2 observations
of the HBC 494 molecular outflow and envelope. HBC 494 is an FU Ori-like object embedded
in the Orion A cloud and is associated with the reflection nebulae Re50 and Re50N. We use
12CO, 13CO and C18O spectral line data to independently describe the outflow and envelope
structures associated with HBC 494. The moment-1 map of the 12CO emission shows the
widest outflow cavities in a Class I object known to date (opening angle ∼ 150◦). The mor-
phology of the wide outflow is likely to be due to the interaction between winds originating
in the inner disc and the surrounding envelope. The low-velocity blue- and red-shifted 13CO
and C18O emission trace the rotation and infall motion of the circumstellar envelope. Using
molecular line data and adopting standard methods for correcting optical depth effects, we
estimate its kinematic properties, including an outflow mass on the order of 10−1 M⊙. Con-
sidering the large estimated outflow mass for HBC 494, our results support recent theoretical
work suggesting that wind-driven processes might dominate the evolution of protoplanetary
discs via energetic outflows.
Key words: protoplanetary discs – submillimeter: stars.
1 INTRODUCTION
FU Orionis objects (FUors) belong to an embedded pre-main-
sequence phase of young stellar evolution, usually associated with
reflection nebulae (Herbig 1966, 1977). Observational features of
these objects include similarities to the F-G supergiant optical spec-
tra and overtone CO absorption, in addition to water vapour bands
in the near-infrared wavelengths characteristic of K-M supergiants
(Mould et al. 1978). At far-infrared/submillimeter wavelengths, the
Spectral Energy Distributions (SED) of FUors are largely domi-
nated by the envelope emission. Where such envelopes are massive
enough to replenish the circumstellar disc in the stellar formation
process (Sandell & Weintraub 2001). Usually, these types of young
stellar objects (YSO) are explained with a disc in Keplerian rota-
tion that produces the observed double-peaked line profiles as seen
⋆ Based on ALMA observations, program number 2013.1.00710.S
† E-mail:dary.ruiz@anu.edu.au
in FUors (Hartmann & Kenyon 1985); however, those objects that
do not present line broadening consistent with pure Keplerian rota-
tion might require an additional contribution from another compo-
nent such as a high-velocity inner disc wind (Eisner & Hillenbrand
2011).
The main observational feature of FUors is their eruptive vari-
ability in optical light that can reach 5 mag or even more. This vari-
ability is due to outbursts that rise in short periods of time of around
∼ 1−10 yrs and decay timescales that take place from decades to
centuries (Herbig 1966, 1977). It is believed that material falling
from a massive circumstellar disc to the central protostar at high
disc accretion rates (∼ 10−4 M⊙yr−1) is responsible for these events
(Hartmann & Kenyon 1996), although their outburst frequency is
unknown. During the outburst phase, large amounts of disc mate-
rial (∼ 0.01 M⊙) are accreted onto the parent star, thus increasing
the luminosity during these short events. If the episodic accretion
scenario (Audard et al. 2014) is correct, most systems undergo mul-
tiple FU Ori events during their evolution and the study of these
c© 2016 RAS
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Figure 1. Continuum emission of HBC 494 together with contour levels
with steps of 10, 30, 80, 150 and 250 × rms (0.25 mJy beam−1). The 0.35′′×
0.27′′with P.A. = -90◦ synthesised beam is shown on the lower left corner
of the image.
outbursts represents a key element of the star and planet formation
process.
Additionally, the outbursts might be connected to the evolu-
tion and extension of the observed outflows in FUors. It has been
suggested that the formation, evolution and widening of molecu-
lar outflows are the result of the wide-angle wind that arises from
the interaction of the highly accreting disc inner edges with a
strongly magnetised central star (Snell et al. 1980; Shu et al. 2000);
or highly collimated jets that propagate into the surrounding en-
velope material (Raga & Cabrit 1993; Ostriker et al. 2001). How-
ever, the triggering mechanism for an FUor outburst has yet to
be established. The proposed mechanisms for the FU Ori out-
burst include: 1) Tidal interaction of a massive disc and an ec-
centric binary system or a giant planet (Bonnell & Bastien 1992;
Lodato & Clarke 2004), 2) Magnetorotational instability (MRI)
activated by gravitational instabilities (GI) (Armitage et al. 2001;
Zhu et al. 2009; Martin & Lubow 2011) and 3) Disc Fragmenta-
tion developing spiral structures, more specifically, clump accretion
events (Vorobyov & Basu 2005). Testing the proposed theoretical
scenarios requires measuring disc masses of FUor objects and spa-
tially resolving structures such as asymmetries in the disc and close
binaries. For instance, clumps would indicate large-scale disc frag-
mentation, while knowledge of disc mass can constrain if GI op-
erates in these discs. Interferometric observations in the millimetre
and sub-millimetre of FU Orionis objects can spatially and spec-
trally resolve the envelope, bipolar outflows, and disc emissions
and thus, provide a more accurate description of these embedded
systems than possible with single-dish observations.
HBC 494 is an FUor object, Class I protostar, located in the
Orion molecular cloud, which has an estimated distance of 414 ±7
pc (Menten et al. 2007). Initially, this luminous object was identi-
fied from its associated reflection nebulae, Re50 and Reipurth 50 N
(Re50N). Reipurth (1985) detected a very bright nebulous object by
performing an optical survey in the Orion molecular cloud. A more
detailed study by Reipurth & Bally (1986) reported the sudden ap-
pearance of an intense and variable conical nebula: Reipurth 50 N
(Re50N). This brightening episode is believed to be a consequence
of an outburst event in HBC 494. This infrared source has a lumi-
nosity of ∼ 250 L⊙ and is located about 1.5 arc min north of Re50
(Reipurth & Bally 1986). Supporting this hypothesis, Chiang et al.
(2015) reported a new brightening event in Re50N at some point
between 2006 and 2014, while Re50 has faded considerably. From
recent ALMA observations, Cieza et al. (Prep) reported an asym-
metry in the 230 GHz continuum at the South-West of HBC 494
and they speculated that this feature might be a result of a binary
object undergoing a formation process and triggering an outburst in
HBC 494. Binary objects are becoming strong candidates to trigger
these outburst events as they are being resolved more efficiently in
the ALMA era, such as the case of the FU Ori system (Hales et al.
2015). Only for guidance to the reader, an illustration of the 230
GHz continuum of HBC 494 is presented in Figure 1 to highlight
the non-symmetric emission. From the major and minor axes of the
continuum emission, Cieza et al. (Prep) found a very high inclina-
tion (i) of ∼ 70.2◦± 2.5 (i.e. close edge-on). However, at this res-
olution, the continuum observation reveals an asymmetry towards
the south-east side of the disk, leading to an uncertain estimation
of this parameter, a more detailed description and analysis can be
found in Cieza et al. (Prep). With a total flux density of 113 ± 2.5
mJy and adopting a distance to the Orion nebula of 414 ± 7 pc,
they estimated a dust disc mass of 2.0 MJ at 20 K, and assuming a
gas-to-dust mass ratio of 100, a total disc mass of 0.2 M⊙.
Here, we present ALMA band-6 (230 GHz/1.3 mm) contin-
uum and 12CO, 13CO and C18O J=2-1 line observations of HBC
494. We use the more optically thin tracers 13CO and C18O to study
the envelope material and the optically thick 12CO emission to in-
vestigate the strong bipolar outflow. The ALMA observations and
the data reduction process are described in section 2. The results are
presented in Section 3, and their implications discussed in section
4. The summary and conclusion are presented in Section 5.
2 OBSERVATIONS
ALMA observations for HBC 494, located at 05h 40s 27.45s -
07o 27′ 29.65′′, were taken under program 2013.1.00710.S dur-
ing Cycle-2 phase and over three different nights. This program
involves the observation of eight FUor/EXor objects with re-
sults to be published in Cieza et al. (2016), Zurlo et al. (2017),
Ruíz-Rodríguez et al. (Sub), Principe et al. (Prep) and Cieza et al.
(Prep). The first two nights are December 12th, 2014 and April 15th,
2015 using 37 and 39 antennas on the C34-2/1 and C34/2 config-
urations, respectively. These configurations are quite similar with
the shortest baseline of ∼ 14 m and longest of ∼ 350 m. The precip-
itable water vapor ranged from 0.7 to 1.7 mm with an integration
time of ∼ 2 min per each epoch. Additionally, a third night, on Au-
gust 30th, 2015 HBC 494 was observed with 35 antennas in the
C34-7/6 configuration with baselines ranging from 42 m to 1.5 km,
an integration time of ∼3 min, and a precipitation water vapor of
1.2 mm. The quasars J0541-0541, J0532-0307 and/or J0529-0519
(nearby in the sky) were observed as phase calibrators. J0423-013
and Ganymede were used as Flux calibrators, while the quasars
J0607-0834 and J0538-4405 where observed for bandpass calibra-
tion.
Our correlator setup included the J=2-1 transitions of 12CO,
13CO and C18O centered at 230.5380, 220.3987, and 219.5603
GHz, respectively. The correlator was configured to provide a spec-
tral resolution of 0.04 km s−1 for 12CO and of 0.08 km s−1 for 13CO
and C18O. The total bandwidth available for continuum observa-
tions was 3.9 GHz. The observations from all three nights were
concatenated and processed together to increase the signal to noise
c© 2016 RAS, MNRAS 000, 1–15
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Figure 2. Cartoon showing the different dynamical and flux components traced by 12CO, 13CO and C18O of HBC 494. The envelope and the cavities are
coloured with red to illustrated the red-shifted emission, while blue illustrates the blue shifted emission. Envelope material close to and accreting onto the disc
is coloured with green and its infalling motion is indicated by the small green arrows. The green line with a position angle of ∼ 145◦ depicts the rotation axis
of the entire system.
and uv-coverage. The visibility data were edited, calibrated and im-
aged in CASA v4.4 (McMullin et al. 2007). The uncertainty for
calibrated flux is estimated to be 10 %. We used the CLEAN al-
gorithm to image the data and using a robust parameter equal to
zero, a briggs weighting was performed to adjust balance between
resolution and sensitivity. From the CLEAN process, we obtained
the following synthesized beams: 0.35′′×0.27′′with P.A. = -90◦ for
12CO, 0.37′′ × 0.28′′ with P.A. = 86.5◦ for 13CO and 0.37′′ × 0.29′′
with P.A. = 87◦ for C18O. The rms is 12.5 mJy beam−1 for 12CO,
16.0 mJy beam−1 for 13CO and 13.9 mJy beam−1 for C18O. For the
integrated continuum, we obtained a synthesized beam and rms of
0.25′′×0.17′′with P.A. = -85.5◦ and 0.25 mJy beam−1, respectively.
The maximum resolvable angle is 11 arc sec.
3 RESULTS
Our data reveal the impressive extension of the outflow and en-
velope surrounding HBC 494 allowing us to piece together the
main physical components of this object. The close edge-on con-
figuration of the system means that the red- and blue-shifted out-
flow lobes are spatially separated. The complex gas kinematics and
density gradients are traced by the blue-shifted and red-redshifted
components of the CO emission. 12CO traces the bipolar and ex-
tension cavities of the outflow with a rotation axis oriented at ∼
145◦ 1 (Section 3.1). 13CO probes the infalling and rotating enve-
lope surrounding the protostar and disc. A fraction of the mass of
this part of the envelope is eventually transported onto the disc to
1 All position angles are specified north through east.
be accreted onto the protostar, while at more distant regions from
the central object, another fraction is being pushed away to external
regions by the opposing outflow (Section 3.2). C18O traces similar
regions as 13CO at the northern side of the central object, while
at larger distances, the envelope is driven out by the wider-angle
portions of the wind (Section 3.3). Also, the C18O is weak at the
southern region of the system, suggesting lower densities. Using
the C18O line, we estimated a systemic velocity of ∼4.6 km s−1, see
section 3.5. We further estimate the kinematics and masses of the
outflow and envelope from the emission and its velocity structure
(Section 3.4). To picture HBC 494 in a more comprehensive way,
we provide a cartoon showing the main components drawn from
the 12CO, 13CO and C18O emissions, see Figure 2.
3.1 12CO Moment Maps
The 12CO emission traces the highly energetic outflow blowing
through the gas and creating a bipolar cavity in the molecular cloud.
In our data cubes, significant 12CO emission is detected at the ve-
locities ranging from -5.25 to 18 km s−1, see Figure 3. We inte-
grated separately, the channels corresponding to the “Northern”
and the “Southern” outflows to show structural shapes in a more
clear manner. The moments 0 and 1 of the high-velocity blue-
and red-shifted outflow cavities are shown in Figures 4a, 4b and
4c and their corresponding zoomed version in the small windows
next to each figure. Figure 4a and 4b have a velocity range, with
respect to the Local Standard of Rest (LSR), between -5.25 and
4.75 km s−1 for the blue-shifted region and between 6.75 and 18
km s−1 for the red-shifted emission. Although the complete exten-
sion of these bipolar cavities is not observed because it falls out-
c© 2016 RAS, MNRAS 000, 1–15
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Figure 3. Channel maps of the 12CO. LSR velocities are shown at the top-right corner of each panel with a systemic velocity of ∼4.6 km s−1. White contours
represent the continuum emission around HBC 494 as shown in Figure 4.
side of our field of view, the very wide outflow cavities reach an
apparent opening angle of ∼ 150◦with an extension of at least 8000
au at a distance of 415 pc. Such a sculpted and defined outflow
cavity is among the widest known to date and is remarkable for
a Class I object, which typically have narrower cavities at these
early stages. The overall range of these Class I outflows varies
between 30 and 125◦ (Arce & Sargent 2006; Klaassen et al. 2016;
Zurlo et al. 2017; Principe et al. Prep). In addition, the 12CO emis-
sion comes predominantly from the material directly influenced by
the outflow, indicating the deep sweeping of surrounding material
inside out acquiring a higher temperature. This might be a product
of the interaction between the surrounding material and the high lu-
minosity central protostar (∼ 250 L⊙; Reipurth & Bally 1986). The
lack of uniform emission in the extension of the cavities as seen in
c© 2016 RAS, MNRAS 000, 1–15
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(a) Moment 0: Southern Outflow (b) Moment 0: Northern Outflow
(c) Moment 1: Entire System.
Figure 4. Figure a: Integrated intensity maps of the 12CO blue- shifted emission from -5.25 to 4.75 km s−1 channels. Figure b: Integrated intensity maps of
the 12CO red- shifted emission on the velocity range between 7.0 and 18 km s−1 . Figure c: 12CO velocity field map that was obtained from the integration
over the velocity range from -5.5 to 18 km s−1. Black contours show the continuum emission around HBC 494 at 10, 30, 80, 150 and 250 × rms (0.25 mJy
beam−1). The 0.35′′ × 0.27′′with P.A. = -90◦ synthesised beam is shown on the lower left corner of each panel. The upper right insets are a closeup (± 2.7”) of
the central object. The black and red arrows shown in the insets of Figures 4a and 4c point out the “stream” described in section 3.1. While the purple arrow
shows the material interacting with the surrounding envelope, also detected at 13CO and C18O emissions, see Figures 7 and 9.
Figures 4a and 4b, is likely related to the ALMA maximum recov-
erable scale of 11′′ that would correspond to ∼ 4500 au and prevents
resolving larger scale structures. Thus, the “missing” emission does
not imply a lack of 12CO gas emission in between cavity arms (e.g.
Bradshaw et al. 2015).
The red-shifted velocity field of 12CO, considering emission
merely from the outflow, can be described in terms of the degree
of interaction with the surrounding envelope. The Northern outflow
presents a velocity pattern with a gradient field perpendicular to the
outflow axis that ranges between 7.0 and 18 km s−1. This suggests
that its opening angle increases as the abundant envelope material
is being removed inside out from the outflow axis. Additionally, at
the base of the bipolar cavities, a large amount of material with ve-
locities from 5.0 to 6.75 km s−1 seems to follow an infalling motion
surrounding the central object, see Figure 3 and Figure 4c. This red-
shifted outflow emission at velocities close to the ambient molecu-
lar cloud is dense gas being impacted by the outflow that belongs
to the infalling envelope, which might be composed of ionized and
hot material as a result of the direct interaction with the launched
outflows. This slab of material closer to the rotation plane partially
overlaps with the 13CO emission tracing medium densities corre-
sponding to the envelope material, a more detailed explanation can
be found in Section 3.2.
The 12CO blue-shifted emission probes at the Southern side
of HBC 494 a complex geometry of the outflowing molecular ma-
terial. The emission arises from the accelerated molecular gas de-
c© 2016 RAS, MNRAS 000, 1–15
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Figure 5. Comparison of the 12CO and 13CO velocity range-integrated intensity maps (moment 0). Blue and red contours show the integrated intensity of the
12CO blue- and red shifted lobes, respectively, at 80, 150, 300, 450 and 600 × 3σ levels. Light and dark red regions correspond to the red-shifted low (extended
emission) and high (compact emission) velocities, respectively. Light and dark blue regions correspond to the blue-shifted low (extended emission) and high
(compact emission) velocities, respectively. The extended and compact emission covers in blue-shifted emission velocities between 1.0 and 1.75 km/s and
2.5 and 3.5 and in red-shifted emission between 6.5 and 8.0 km/s and 4.5 and 5.5, which are explained in Section 3.2. Green contours show the continuum
emission around HBC 494 at 10, 30, 80, 150 and 250 × rms (0.25 mJy beam−1). The synthesized beam is shown on the lower left corner. Cyan and yellow
arrows show the projected axis alignment along the Southern outflow - disc - Northern outflow system.
pending on the medium properties (e.g. geometry, density). Indeed,
it is detected at a velocity range between -5.25 and 1.5 km s−1 that
the Southern cavity shows a brighter region, more concentrated at
the southwest of the object, possibly due to the interaction with a
significant amount of gas in the surrounding envelope, see purple
arrow in Figure 4. While, the 12CO blue-shifted emission between
2.5 and 3.5 km s−1 might be outflow-envelope interactions with ex-
panding motions.
In contrast to the wide angle outflow, it can be noted in the
moments 0 and 1 maps and shown in the insets of Figures 4a and
4c, an “intensity maximum” with a diameter of around ∼ 200 au
that lies at the southwest from the continuum emission. This in-
tensity maximum has a blue-shifted component that reaches 2.9
km s−1 and coincides with the location of the asymmetry found in
the continuum by Cieza et al. (Prep), see Figure 1. However, it is
not straightforward to attribute a physical origin to this feature and
future observations with higher resolution are required.
The integrated flux on both sides of the bipolar outflow differ
by a factor of ∼2.5. At the Northern cavity the integrated flux is
39.65 ± 0.09 Jy km s−1 and at the Southern cavity a value of 93.32
± 0.12 Jy km s−1, see Figures 4a and Figure 4b. This might be
evidence of the non-uniformity of the molecular cloud, where the
evolution of this Class I object is taking place. Considering that CO
transitions are thermalised at or close to their critical densities (∼
1.1 x 104 cm −3; Carilli & Walter 2013), the absence of a stronger
emission at the Northern region indicates a slightly denser cloud
material; while the stronger emission at the Southern region might
point out a more widespread region that interacts with the ejected
material from the central object. Additionally, the alignment among
the South outflow − disc − North outflow at the base of both lobes,
is evident in their 12CO contours delineating the limb-brightened
walls of the parabolic outflow cavities and the continuum, see Fig-
ure 5. This alignment allows us to draw a line through it and then,
compute the outflow position angle (PA) of ∼ 145◦ north through
east.
3.2 13CO Moment Maps
We find that the 13CO emission traces the rotating, infalling and ex-
panding envelope surrounding the central system. The blue-shifted
emission is detected at velocities from 1.0 to 4.25 km s−1 and the
red-shifted material has a range of velocities from 4.5 to 9.0 km s−1
(Figure 6). Figure 7a and 7b shows the moment-0 and moment-
1 maps of the 13CO line, while the small windows are a zoomed
image to the central object. Since the 13CO shows a complex struc-
ture with compact and extended emission that comes from different
regions of the envelope, we integrated channel maps of blue- and
red-shifted low (extended emission) and high (compact emission)
velocities in order to see a more detailed velocity structure and a
direction of the velocity gradient (e.g. Aso et al. 2015). Figure 5
shows the moment 0 with integration of the blue-shifted emission
at velocities between 1.0 and 1.75 km s−1 and 2.5 and 3.5 km s−1
and red-shifted emission between 6.5 and 8.0 km s−1 and 4.5 and
5.5 km s−1. The light red and blue and dark blue and red areas cor-
c© 2016 RAS, MNRAS 000, 1–15
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Figure 6. Channel maps of the 13CO. LSR velocities are shown at the top-right corner of each panel with a systemic velocity of ∼4.6 km s −1. White and red
contours show the integrated intensity of the 12CO blue- and red shifted lobes, respectively, at 150 and 300 × 3σ levels. Magenta arrows in the channels with
velocities from 1.25 to 1.75 km s −1 point out the emission of the streamline on this side of the system. Brown arrows in the channels with velocities from 2.5
to 3.75 km s −1 point out the interaction between the Southern outflow and the surrounding envelope and showing how as a result there is expelling material
on this side of the envelope directed toward us. Black contours show the continuum emission around HBC 494 at 10, 30, 80, 150 and 250 × rms.
c© 2016 RAS, MNRAS 000, 1–15
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(a) Moment 0 (b) Moment 1
Figure 7. Figure a: 13CO intensity maps (moment-0) integrated over the velocity range of 1.0 − 9.0 km s−1. Figure b: Intensity - weighted mean velocity
(moment-1) map of 13CO in the velocity range 1.0 − 9.0 km s−1 over values higher than a 3σ (σ ∼ 15 mJy beam−1 km s−1). The 0.37′′ × 0.28′′ with P.A. =
86.5◦ synthesised beam is shown on the lower left corner of each panel. Black contours show the continuum emission around HBC 494 at 10, 30, 80, 150 and
250 × rms (0.25 mJy beam−1). The upper right insets are a closeup (± 2.7”) of the central object. The black and green arrows shown in the insets of Figures
7a and 7b point out the streamline described in section 3.2. While the purple arrow shows the material interacting with the outflow detected at 12CO emission,
see Figures 4. The region enclosed with dashed lines correspond to the region in which we integrated the line profile shown in Figure 11.
respond to the extended and compact regions, respectively. Using
the compact emission, we draw a line along the gradient velocity
and then, estimate a PA of ∼ 50◦ north through east, which is al-
most perpendicular to the outflow PA of ∼ 145◦ . Similarly, the low
velocity components (extended structure) show a velocity gradient
with a PA of ∼ 50◦ .
The compact blue-shifted emission protrudes with a high flux
density that we named as “stream” (S) located at the southeast of
the disc and indicated by the black arrow along the feature in Figure
7a. In Figure 7b a green arrow is shown representing the location
of the stream detected in the moment 0. The direction of this com-
pact structure is difficult to indicate, but it might have originated in
wide-angle winds from the central object blowing into the envelope
(Snell et al. 1980; Shu et al. 2000; Gardiner et al. 2003) and ex-
pelling material to larger radii, following the Southern outflow. Fig-
ure 6 presents the channel maps of the 13CO line, where this stream
or compact blue-shifted emission is indicated with a magenta ar-
row and 12CO contours are over plotted to spatially compare these
emissions. On the other hand, the extended blue-shifted emission
is more likely to be part of the surrounding envelope, being pushed
toward us by the outflow. In addition, on the bottom-left side of
Figure 7b an elongated structure appears, indicated with a purple
arrow, and with blue-shifted velocities of 2.5 and 3.75 km s−1, co-
incides with the 12CO emission detected in the Southern region of a
velocity range of 2.5 − 3.25 km s−1. Thus, the “extended” emission
is likely tracing the internal structure of the envelope and showing
how the southern outflow is expelling material on this side of the
envelope directed toward us.
The 13CO red-shifted emission also originates from two differ-
ent regions in the envelope: one close and other farther away from
the central system. The red-shifted compact emission source is the
envelope material located very close to the protostar that reaches
velocities of 6.5 and up to 9 km s−1 (Figure 6). The origin of this
emission is likely related to the dragged gas by the ejection of mat-
ter at the Northern cavity and indicated in Figure 7b as region 1.
The second region, shown as regions 2 and 3 in the inset of Figure
7b, suggests that the emission at velocities between ∼4.5 and 6.25
km s−1 corresponds to material being accreted onto the system and
thus, indicates the kinematics of the infalling and rotating envelope
at the base of the bipolar outflows. As mentioned in Section 3.1, the
slab of material closer to the rotation plane partially overlaps with
the 12CO emission at the base of the cavities, thus strongly sug-
gesting their accreting nature onto the central object. In addition,
the emission in the velocity range between ∼5.5 and 6.25 km s−1
extends around the central system forming a feature with the shape
of a half symmetric “ring” with a distance between the inner and
outer ring of around ∼ 200 au, shown as region 2 in Figure 7b. Al-
though, the origin of this feature is not clear, we speculate that it is
a signature of material being accreted with a rotation motion.
3.2.1 Position-Velocity Diagram
The velocity gradient in the emission of 13CO is perpendicu-
lar to the direction of the outflow. Thus, we have created a
position−velocity (PV) diagram by cutting along the axis perpen-
dicular to the rotating outflow and throughout the continuum emis-
sion of the disc, see Figure 8. In Figure 5 the cyan+yellow line in-
dicates the outflow rotation axis and perpendicular to it, the image-
space PV diagram cut at a position angle of ∼ 50◦ and the averaging
width is ∼ 0.45′′ . This diagram shows higher velocities toward the
center of the system as expected for envelope material feeding a
central proto-stellar source.
3.3 C18O Moment Maps
Of the 3 isotopologues, C18O has the lowest abundances and thus
traces higher gas density regions inside the molecular cloud, where
it sublimates off dust grains. Therefore, we used this line to map the
c© 2016 RAS, MNRAS 000, 1–15
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Figure 8. Position - velocity map of 13CO along the axis perpendicular to
the rotating outflow, see Figure 5.
morphology of the envelope surrounding HBC 494. With a chan-
nel width of 0.25 km s−1, the emission is detected within a range
of 1.75 and 6 km s−1. Figure 9a shows the integrated flux over the
spectral line and Figure 9b is the intensity-weighted velocity of the
spectral line. The blue-shifted outflow is seen at velocities from
1.75 to 4.25 km s−1. The stream feature detected in 13CO at 1−1.75
km s−1 is also seen in C18O emission at 1.75-2.0 km s−1, see Fig-
ure 9a for stream location, while the C18O emission in the range of
2.25 and 4.25 km s−1 traces the shape of the envelope. Addition-
ally, the C18O blue-shifted emission is very weak compared to the
red-shifted emission and is located mostly at regions close to the
central source. The faint or lack of blue-shifted emission at larger
distances from the central object in the southern direction might
be an indication of a significant extended and diffuse gas, where
the emission origin corresponds to a break out of the surrounding
molecular cloud.
The C18O red-shifted emission detected at velocities from 4.5
and 6 km s−1 is bright and overlaps the 13CO red-shifted emission,
see Figure 9b, meaning that this probes infalling and expanding en-
velope material at different locations from the central source. Fol-
lowing our assumption that the northern side of the cavity is more
denser than the southern side, given the lower 12CO emission at the
northern outflow, then this traces out the colder and denser struc-
tures composing the infalling envelope. In addition, gas swept up
by the southern outflow is seen to the west with low velocities of
around ∼ 4.25 and 4.75 km s−1 and connected to rotating material
in between the limbs of the outflows. The swept up gas is located
slightly above the 13CO arm emission and indicated with purple
and black arrows in Figures 9a and 9b.
3.4 Outflow Masses and Kinematics
We use our molecular line data to derive the mass and kinematics of
the outflow. However, as demonstrated in Cabrit & Bertout (1990),
the estimated outflow masses and dynamical properties computed
from an optically thick line such as 12CO can be considerably
underestimated if they are not corrected for optical depth effects
(τ12). Therefore, before computing the outflow properties, we cor-
rected our molecular line data following standard methods such as
those found in Arce & Goodman (2001), Curtis et al. (2010) and
Dunham et al. (2014) to evaluate τ12 numerically. Essentially, these
(a) Moment 0
(b) Moment 1
Figure 9. Figure a: Integrated C18O intensity over the velocity range be-
tween 1.75 and 6 km s−1. Figure b: Intensity weighted mean velocity. The
0.37′′ × 0.29′′ with P.A. = 87◦ synthesized beam is shown on the lower
left corner of each panel. Black contours show the CO continuum emission
around HBC 494 at 10, 30, 80, 150 and 250 × rms (0.25 mJy beam−1). The
upper right insets are a closeup (±2.7′′) of the central object. The black ar-
row shown in the inset of Figure 9a point out the streamline described in
section 3.3. While the purple and black arrows show the material interact-
ing with the outflow detected at 12CO emission, see Figures 4. The region
enclosed with dashed lines correspond to the region in which we integrated
the line profile shown in Figure 11.
methods are based on computing abundance ratios of optically thin
CO emissions. Then, assuming identical beam-filling factors and
the same excitation temperature for both isotopes, also consider-
ing that 13CO traces the optically thin emission of the outflow in
detections at low velocities, we compute the ratio of the bright-
ness temperatures between 12CO and 13CO, T12T13 = X12,13
1−exp(−τ12)
τ12
,
where the abundance ratio X12,13 = [12CO]/[13CO] is taken as 62
(Langer & Penzias 1993). T12T13 in each channel is estimated by com-
puting the weighted mean values, where the weight was performed
using the sigma values of every channel. To compute the 12CO
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mass, we apply the correction factor to all the channels with 13CO
detection above 5σ. For those channels where 13CO is too weak
to be detected, we extrapolate values from a parabola fitted to the
weighted mean values of the form:
T12
T13
= 0.2 + 0.23(v-vLSR)2.
As a part of the fitting process, we only use the channels with
12CO and 13CO emission above 3σ and the minimum ratio value
was fixed at zero velocity. Figure 10 shows the fit with a χ2 of 0.4
as a solid green line and the blue dots correspond to the weighted
mean values and the error bars are the weighted standard deviations
in each channel. For this fit, we did not use the last three points,
presented as the red dots, because at these velocities 12CO starts
becoming optically thin.
After applying the correction factors to every channel and us-
ing the emission that traces the outflow in the blue- and red shifted
components, we start from the assumption that the emission is op-
tically thin and in Local Thermodynamic Equilibrium (LTE). Next,
we integrated the intensity from pixels with detections above 5σ
over all of these velocity channels to measure the NCO column den-
sity. Then, with an Xco = 10−4, which is the abundance of CO rela-
tive to H2 taken from Frerking et al. (1982), we inferred the column
density of NH2 . The interested reader can find a detailed description
available in Appendix C of Dunham et al. (2014). This quantity is
multiplied by pixel area and then, summing over all the pixels, we
obtain estimates of mass (Mch) and using velocity channels, esti-
mates of momentum (Mch vch)2 and energy (0.5 Mch v2ch) of the
outflow. To obtain total values of these parameters, it is integrated
over the whole range of velocities with detections.
In order to avoid contamination by ambient cloud emission
or material not related to the outflows of HBC 494, we integrate
only over those channels with emissions that shape the outflow;
for example, in Figure 3, the 12CO emission in the channels with a
velocity range between 1.75 and 7.25 km s−1 were not considered,
because they are related to the emission that arises from around
the protostar and parcels of matter that belong to the surrounding
envelope. Additionally, in order to assure emission only from the
outflow, we built a mask around HBC 494 of radius size ∼ 1.5”,
where pixels inside this area were removed from the final analysis.
Thus, separating the red- and blue shifted components, the blue
shifted outflow kinematics were estimated by integrating channels
in the range between -5.25 and 1.5 km s−1 for 12CO and, 1.0 and 4.0
km s−1 for 13CO. The range of channels in the red shifted emission
are between 7.25 and 16.5 km s−1 for 12CO and, 4.5 and 6.25 km s−1
for 13CO.
For simplicity and considering how the excitation temper-
ature varies the estimated parameters (e.g. Curtis et al. 2010;
Dunham et al. 2014), we adopted for this quantity, values of 20 and
50 K in our analysis. The estimated parameters are shown in Ta-
ble 1. Additionally, taking the extent of the 12CO emission (20")
and the maximum speed of the 12CO gas extension, obtained using
vs−vb
2 where vs and vb are the red- and blue-shifted maximum veloc-
ities, we estimated a kinematic age for HBC 494 of ∼5400 years to
obtain the mechanical luminosity and mass loss rate of the outflow,
see Table 1. However, these property estimations are lower limits
of the outflow because HBC 494 is not detected completely in the
2 Properties not corrected from inclination effects
Figure 10. Ratio of the brightness temperatures T12T13 as a function of the
velocity from the systemic velocity. The blue solid dots are the weighted
mean values and the error bars are the weighted standard deviations in each
channel. The red solid dots are weighted mean values not used in the fitting
process. The green solid line is the best-fit second-order polynomial with a
χ2 of 0.4.
extension of 20" of the image, see e.g. Figures 4 and 9, and implicit
assumptions in the method.
3.4.1 Envelope Mass and Kinematics
Following the process described above, we use the C18O emission
to estimate the lower limits of mass and dynamical properties of
the envelope surrounding HBC 494. Taking into account that as an
optically thin tracer only provides information of distant regions
from the central object, we did not build a mask for the C18O cube.
Also, it is not necessary to apply a correction factor to compute the
parameters of the cloud. As previously performed, we also sepa-
rated the blue- and red-shifted components to integrate over ranges
between and 1.75 and 4.25 km s−1 for blue-shift velocities and 4.5
and 6.25 km s−1 for red shift velocities. Estimated parameters of
the molecular cloud are shown in Table 1.
3.5 Spectral Lines
To further explore the kinematic properties of the envelope inter-
acting with the outflow cavities, we obtained spatially integrated
13CO and C18O spectral lines from the regions where most of the
radiation arises from the envelope while trying to avoid background
emission. The regions enclosed with dashed lines in Figures 7b and
9b correspond to the regions in which we integrated the line pro-
files and figure 11 shows the line profiles of both isotopes. As ex-
pected, the observed C18O spectral line shows a typical width pre-
viously seen in quiescent envelopes of around 0.7-2 km s−1 (e.g.
Jørgensen et al. 2002; Kristensen et al. 2012).
The observed C18O line has a FWHM of 0.84 ± 0.04 and is
centred at 4.60 ± 0.02 km s−1, which is taken as the systemic veloc-
ity. The 13CO profile shows a dip around 4.0 km s−1 and is slightly
blue-shifted from the systemic velocity. This particular profile is
not a real absorption and might be due to missing short-spacing
information in the u-v coverage. The C18O line is not affected by
this spatial filtering because it is less abundant and traces a more
compact region. In contrast to that, the 13CO traces a more ex-
tended and energetic envelope region, which is evident in its full
c© 2016 RAS, MNRAS 000, 1–15
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Table 1. Mass, Momentum, Luminosity and Kinetic Energy of the Outflow and Envelope
Blue shifted1 Red shifted2
Isotope Property 20 (K) 50 (K) 20 (K) 50 (K)
12
CO
Mass (10−2 M⊙) 3.40 (52.00) 5.03 (77.00) 5.54 (50.00) 8.20 (74.00)
Mass loss (10−5 M⊙ yr−1) 0.64 (9.70) 1.00 (14.32 ) 1.03 (9.32) 1.53 (13.80)
Momentum (M⊙ km s−1) 0.20 (2.60) 0.30 (3.90) 0.28 (1.90) 0.40 (3.02)
Energy (1043 ergs.) 1.10 (13.24) 1.60 (19.60 ) 1.71 (9.44) 2.53 (14.00)
Luminosity (10−2L⊙) 2.00 (20.00) 3.00 (30.00) 3.00 (15.00) 4.00 (22.00)
13
CO
Mass (10−2 M⊙) 3.46 5.20 3.10 4.70
Mass loss ( 10−6 M⊙ yr−1) 6.50 9.80 5.81 8.80
Momentum (10−2 M⊙ km s−1) 6.10 9.20 1.70 2.60
Energy (1042 ergs.) 1.14 1.73 0.14 0.21
Luminosity (10−3 L⊙) 1.76 2.70 0.21 0.32
C1
8 O
Mass (10−4 M⊙) 3.78 5.74 11.91 18.09
Mass loss (10−7M⊙ yr−1) 0.71 1.10 2.22 3.39
Momentum (10−4 M⊙ km s−1) 2.00 3.00 2.35 3.60
Energy (1039 ergs.) 1.90 2.90 0.68 1.04
Luminosity (10−6 L⊙) 2.92 4.44 1.05 1.60
1
Blue shifted outflow kinematics were estimated after a cut above 5σ and integration of channels between -5.25
and 1.5 km s−1 for 12CO, 1.0 and 4.0 km s−1 for 13CO, and 1.75 and 4.25 km s−1 for C18O
2 Red shifted outflow kinematics were estimated with a threshold value above 5σ and integration of channels be-
tween 7.25 and 16.5 km s−1 for 12CO, 4.5 and 6.25 km s−1 for 13CO, and 4.5 and 6.25 km s−1 for C18O.
3 Parameters inside the parentheses correspond to the computed values after applying the correction factors for
optical depth effects to all the channels with 13CO detection above 5σ.
width of around 4.5 km s −1. Hence, the 13CO profile is broader
than the C18O indicating the complex outflow motion in 13CO, pre-
viously seen in very young objects embedded in molecular clouds
(e.g Kristensen et al. 2012). This profile might be evidence of an
expanding envelope mostly in the Southern region, likely due to the
stream emission observed with the 13CO and C18O isotopes at the
southeast of the disc. Additionally, it might also indicate how the
outflow cavities are efficiently pushing aside envelope material, see
Figures 4a and 7a. For a Class I object with a low mass envelope,
it becomes relatively easy to expel material to outer regions of the
molecular cloud and thus, modify the geometry of the molecular
cloud and surroundings (e.g Kristensen et al. 2012; Mottram et al.
2013). We provide a more detailed discussion about this scenario
in Section 4.4.
4 DISCUSSION
4.1 The Wide Angle Outflow
Figures 4 and 5 illustrate a double-lobed 12CO structure of HBC
494. The main characteristics of these shell-like structures are the
wide-angle outflows extending (∼ 8000 au) in opposite directions
with a projected opening angle of ∼150◦ and a velocity pattern with
high and low velocity components along and at the wake of the
lobes, see Figure 3. This defined wide-angle morphology of the
cavities has previously been observed in only a few Class I objects
such as RNO 129 (∼125◦ ; Arce & Sargent 2006) and more recently
in the FU Ori V883 Ori (∼150◦ ; Ruíz-Rodríguez et al. Sub) that,
with an outflow mass on the order of 10−2 M⊙, are observational
evidence of the evolutionary trend found in the morphology of the
molecular outflows by Arce & Sargent (2006). This trend basically
indicates how the opening angles increase with source age, leading
to a stronger outflow-envelope interaction during the evolutionary
process. Additionally, in Figure 7, a “stream" is observed to the
Figure 11. 13CO and C18O line profiles of the envelope shown as red solid
lines. The spectrum for C18O is centered at 4.60 ± 0.02 km s−1 and is shown
as a green vertical line.
southeast of HBC 494 with velocities between 1−1.75 km s−1 and
partially linked to this stream, a C18O emission is detected with
a velocity range of 1.75−2.0 km s−1, see Figure 9a. The direction
of this stream likely follows the blue-shifted outflow component
on this side of the bipolar cone and might be related to flows that
arise from the interaction of the highly accreting disc inner edges
with an existing threading strong magnetic field (e.g. Donati et al.
2005). It has been suggested that outflows can be centrifugally ac-
celerated along net vertical magnetic field lines threading the disc;
when non-ideal magnetohydrodynamical effects are taken into ac-
count, the MRI turbulent activity disappears, allowing that the disc
c© 2016 RAS, MNRAS 000, 1–15
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launches a strong magnetocentrifugal wind (Bai & Stone 2013). If
so, the wind sweeps up the ambient molecular gas in the vicin-
ity of the surrounding envelope when it interacts with a collaps-
ing environment (Snell et al. 1980; Shu et al. 2000; Gardiner et al.
2003; Bjerkeli et al. 2016). Figure 2 depicts a computer illustration
of HBC 494 to better show the dynamic properties of the system
components. The effectiveness of the removal of envelope material
depends on the age of the protostar and the degree of collimation of
the wind. Thus, a highly collimated wind with high density profile
would flow along the rotation axis (e.g. Class 0), while for a more
evolved protostar with a reduction of envelope material, the colli-
mated wind would decrease with its density at increasing angles
from the axis (Shang et al. 1998). For a Class I object, the gas en-
trained by the wide-angle component of the wind will be the dom-
inant structure in the molecular outflow, producing the observed
widening angle outflows seen in HBC 494.
Also, it is expected that the energetic outflows impact an ho-
mogeneous surrounding envelope, because the bipolar extension
are largely symmetric in their opening-angles. Nevertheless, as
mentioned previously the envelope material interacting with the
outflow in the Northern region of HBC 494 might be slightly denser
than in the Southern region, see Figures 4a and 4b. Figure 12 shows
an image of the Re50N nebula taken as part of The Two Micron All
Sky Survey (Skrutskie et al. 2006) in H band (1.6 µm), where the
continuum and 12CO contours are over-plotted indicating the posi-
tion of HBC 494 and its wide outflows. From this image, the in-
homogeneous molecular cloud hosts the outflow evolution with an
embedded outflow emerging at the Southern side, while the North-
ern cavity is still deeply embedded. However, it is difficult to con-
firm this from our estimates of the outflow parameters, see Table 1,
because are subject to the maximum recoverable scale and the spa-
tial filtering, e.g. Figure 11. Therefore, these values are underesti-
mated and biased by the visibility sampling, which require obser-
vations for a larger scale structure. Although, the parent molecular
cloud might not be homogeneously distributed around HBC 494,
this does not mean that both lobes would evolve in a distinguish-
able way and might vary only in the extension of their outflows.
Unfortunately, information with respect to the extension projected
onto the rotation axis is more ambiguous due to the observing lim-
itations, which did not detect the complete structure of the outflow
cavities. In addition, we might be facing a very young binary object
as the triggering mechanism of the outburst (Cieza et al. Prep), and
considering that FUor outbursts are usually accompanied by strong
winds (e.g Bastian & Mundt 1985) and if most of the stellar mass
is accreted during these events, we speculate that the origin of the
wide-angle cavities of HBC 494 is a combination of binarity and
magnetocentrifugally-driven winds.
4.2 Role of Outflows in Star Formation
Inspecting Table 1, the parameters estimated from the corrected
12CO emissions are increased by a factor ranging from ∼ 10 to
20. This supports the claim by Dunham et al. (2014) that molecu-
lar outflows are much more massive and energetic than commonly
reported. Our mass estimations from the blue- and red-shifted emis-
sions, after correcting for optical depth, are on the order of outflows
previously presented using a similar approach (e.g Arce & Sargent
2006; Curtis et al. 2010; Dunham et al. 2014). If we are indeed fac-
ing the fact that outflows are more massive than expected, and from
a theoretical point of view, these outflows are responsible for ex-
tracting angular momentum from the proto-stellar core-disc system
to allow the accretion onto the central object, then we might expect
a huge impact on the final stellar mass and indirectly, the shape
of the Initial Mass Function (IMF). It has been suggested by the-
oretical models that including outflow feedback the average stellar
mass would decrease by a factor of ∼ 3, while the number of stars
increases by a factor of ∼ 1.5 (Federrath et al. 2014). Energetic out-
flows may be responsible for triggering star formation by perturb-
ing other regions of the same cloud, which leads to the formation
of multiple stars instead of a single one (Federrath et al. 2014).
Additionally, we note that the outflow mass, momentum, and
energy for HBC 494 are higher than those found recently for the
Class I objects, HL Tau and V2775 Ori (Klaassen et al. 2016;
Zurlo et al. 2017). However, these quantities highly depend on the
outflow mass and in the case of HL Tau and V2775 Ori, these val-
ues were not corrected for optical depth effects. On the other hand,
HL Tau and V2775 Ori present a kinematic age of 2600 yr with
opening angles of 90◦ and 30◦ , respectively, while HBC 494 has a
kinematic age of ∼5400 yr and an opening angle of 150◦ . For both
HL Tau and V2775 Ori the opening angle differs considerably and
these objects, differ in their kinematic age from HBC 494. In spite
of the fact that the outflows present a significant discrepancy in their
spatial extension, it highlights the importance of understanding and
constraining the initial conditions of the stellar formation process,
which might be controlled by the parent molecular cloud and per-
turbations from external agents to develop this variety of FU Ori
objects.
4.3 Role of Outflows in Disc Evolution
The physical source generating the wide angle outflow in HBC 494
could be connected to the evolution of the disc and as a require-
ment, it must play an important role in the removal of angular mo-
mentum from the accreted material. Indeed, it has been indicated
that outflowing gas from an accretion disc might provide an ef-
ficient transport of angular momentum to permit the accretion of
matter onto the central star (Blandford & Payne 1982). In addition,
to determine the disc lifetime it is necessary to constrain properties
such as mass accretion and mass loss rates, which might be intrinsi-
cally coupled to angular momentum transport (Gressel et al. 2015;
Bai 2016). In recent years, the ratio of the wind mass loss rate to
the wind driven accretion has been suggested to be on the order of
0.1 with large uncertainties (e.g Klaassen et al. 2013; Watson et al.
2015). As shown in Dunham et al. (2014), and from HBC 494 as
well, the mass loss rates are underestimated, leading to suggest
that the mass loss rate is not a small fraction of the accretion rate.
Then, if increasing the mass outflow by factors of ∼ 20 or even
higher (50-90 in the most extreme cases; Dunham et al. 2014) , it
might limit the accretion directly by factors of similar magnitude.
Recently, Bai et al. (2016) suggested a scenario where discs might
lose mass at a considerable fraction of the accretion rate. Enhanc-
ing the FUV penetration depth would lead to considerable increases
of the outflow rates, while the accretion rate would also present an
increase in a more moderate way (Bai 2016). Using the relation
˙M = 1.25 LaccR⋆GM⋆ (Hartmann et al. 1998) and if we consider HBC
494 as a Class I star of 1 M⊙ with a 250 L⊙ (Reipurth & Bally
1986), 3 R⊙ (Baraffe et al. 2015) and assuming an age of 0.5 Myrs,
typical of Class I objects, then its accretion rate is ∼ 3x10−5 M⊙
y−1, which is of the order of typical FU Ori objects. From Table
1, the estimates for mass loss rates are of the order of the accretion
rate, however, these values might be taken with caution because our
approach to estimate the accretion rate might failed in the limits of
very large accretion luminosities (Hartmann et al. 1998). More im-
portantly, the rate of mass outflow and angular momentum trans-
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port increase with increasing net vertical magnetic field, however,
we are still limited to accurately predict the timescale of disc evo-
lution due to the lack of knowledge of magnetic flux distribution
threading the disc (Bai & Stone 2013; Bai 2016).
As mentioned above, our outflow mass and kinematic esti-
mates of HBC 494 are massive and energetic, meaning that in or-
der to raise these massive outflows via winds might require a fully
ionised inner disc. For a normal classical T Tauri star, it has been
shown that the low ionisation levels in the disc prevent the rise of
winds from the inner region. The wind outflow rate sensitively de-
pends on the FUV and X-ray penetration depth which on the other
hand are determined by the abundance of small grains (Bai 2016)
and the photon energy (Ercolano & Glassgold 2013). For FUors, in
the region interior to the dust sublimation radius, the disk is suffi-
ciently ionised so that the magnetocentrifugal wind can be launched
efficiently. A very important consequence of this strong penetra-
tion depth and hence, the wind mass loss, is that mass is primarily
removed from the disc surface as a function of the distance (Bai
2016). This creates favorable conditions for planetesimal forma-
tion in outer regions of the disc, where most dust grains settle at
the disc midplane. Recently, from high resolution ALMA observa-
tions, Cieza et al. (2016) reported the detection of the water snow
line at a distance of ∼ 42 au from the central star, V883 Ori. They
suggested that the location of the water snow-line at these early
stages is largely affected by outburst events. In addition, observa-
tional evidence has been found for preferential loss of gas relative
to dust in CO isotopologue surveys by Williams & Best (2014) and
Ansdell et al. (2016). Thus, the disc evolution and initial conditions
for planetary formation at these early stages might be strongly in-
fluenced by the intimately connected processes of outflows and ac-
cretion (Bai et al. 2016).
4.4 Role of Outflows in Star-Forming Molecular Clouds
Class I objects are able to disperse their surrounding envelope effec-
tively, through their short outburst events. Thus, the outflows could
energetically expel a large amount of material from the molecular
cloud modifying neighbouring structures (Federrath et al. 2014). A
possible change of structure in the neighbouring regions of HBC
494 could have origin in a previous outburst event. As previously
mentioned, HBC 494 seems to start digging out from the molecu-
lar cloud, exposing its Southern side and thus, expelling material
more efficiently to large distances. It was noticed by Chiang et al.
(2015) that Re50 located at the south of Re50N (1.5 arc min, asso-
ciated nebula to HBC 494), started fading to the west and moved
eastwards by a curtain of obscuring material, while the Re50N suf-
fered a dramatic increase in brightness sometime between 2006
and 2014 (Chiang et al. 2015). Considering the direction of the ob-
served 12CO emission in HBC494 and making a projection of the
emerging outflows, it coincides with the direction of the expulsion
of material directed towards the northeast side of Re50 (see Fig-
ure 2 in Chiang et al. 2015). Therefore, material that was possibly
pushed by a HBC 494 outflow could be responsible for the signifi-
cant decrease in brightness of this neighbouring object.
5 SUMMARY
We studied the HBC 494 system using 12CO, 13CO and C18O im-
ages at 0.2′′ resolution. With a large expansion of the molecular
outflows (∼ 8000 au), the likely non-uniformity of the envelope
material of HBC 494 lead us to suggest that the evolution of the
Figure 12. Projection of the blue and red 12CO emission delineating the
outflows over the H-band (1.6 µm; Skrutskie et al. 2006) image of HBC
494. Blue and magenta contours show the integrated intensity of the 12CO
blue- and red shifted lobes, respectively, at 80, 150, 300, 450 and 600 ×
3σ levels. The green contours are the continuum emission and represent the
position of HBC 494.
outflows is largely influenced by a differential density and degree
of interaction between outflow and surrounding envelope on both
sides of the bipolar cone. This scenario might be a result of the
binarity and magnetocentrifugally-driven wind present in the sys-
tem (e.g Bastian & Mundt 1985; Terquem et al. 1999). Although,
higher-resolution images are needed to confirm whether HBC 494
is a close binary like FU Ori itself (Hales et al. 2015). Using the
12CO, 13CO and C18O emissions, we derived the mass and kine-
matics of the outflow on the order of 10−2 M⊙ for the mass and
10−3 M⊙ km s−1 for the momentum. After correcting for optical
effects, these properties increased by a factor ranging from 10-20.
This increase in the kinematic properties might be observational
evidence of the important role played by the outflows in FU Ori
objets to drive the evolution of the disc via winds and hence, the
conservation of angular momentum (Bai 2016).
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